The influence of the addition of various types and various concentrations of expanded polystyrene foam (both commercial and recycled) on the durability of Portland cement mortars is studied. In particular, the microstructure is studied utilizing the following methods: Capillary absorption of water, mercury intrusion porosimetry, impedance spectroscopy and open porosity. In addition, the effects of heat cycles and freeze-thaw cycles on compressive strength are examined. Scanning electron microscopy is used as a complementary technique. An air-entraining agent, water retainer additive and superplasticizer additive are used to improve the workability of mortars. The results
model permits capacitance measurements in the range from 10 -14 to 0.1 F and has a maximum resolution of 10 -15 F.
The impedance was measured through both direct contacting and through the non-contacting method, as shown in Figure 1 . The direct contact measurements in Figure 1a were taken by application of an electrical perturbation through 7 cm diameter flexible graphite electrodes. These electrodes were placed in direct contact with each side of the sample disc. For the non-contacting measurements, shown in Figure 1b , the sample-electrode interface is isolated by a 100µm thick layer of acetate. The impedance of the sample is obtained by subtracting the previously-obtained impedance of the acetate layer from the total measured impedance.
To interpret and study the impedance spectra, two previously proposed equivalent circuits were used [16] as shown in Figure 2 . These circuits have been utilized extensively for Portland cement pastes, mortars and concrete [16] [17] [18] [19] [20] [21] . In this work the parameter R 1 was analyzed using the contacting method (shown in Figure 2a ). The parameters C 1 , C 2 and R 2 were obtained using noncontacting measurements, as shown in Figure 2b , given that it can be obtained a biggest measurement sensitivity calculating these parameters using the method that avoid the contact between sample and electrode.
In terms of the physical significance of these equivalent circuits, the resistance R 1 depends on the electrolyte in the pores and is associated with the volume of interconnected pores [16] that traverse the length of the specimen. The resistance R 2 is associated with the electrolyte in the occluded pores, or the pores that do not contribute to the electrical conductivity across the sample [18] . The capacitance C 1 is associated to the dielectric response of the solid fraction of the sample, and could be used as a parameter to estimate the solid and pore fractions of the material [16] . Its value decreases as the thickness and porosity of the sample increases. The capacitance C 2 has been shown to be associated to the surface of pore walls in contact with the electrolyte filling the pores [19, 21] . Its value increases with electrolytic occupancy of the pores and with increasing thickness of the sample. The analysis of the equivalent parameters using experimental measurements was made with the software program Zfit, developed by the Department of Construction Engineering, Public Works and Urban Organization at the University of Alicante.
Mercury intrusion porosimetry (MIP)
In order to complete the microstructural characterization of the mortars, the Mercury Intrusion Porosimetry technique was employed. This technique was employed in mortars made with 70% of EPS (see table 2 ). The porosimeter employed was a Micromeritics Autopore IV 9500 which permits pore analysis in the pressure range of 14000 Pa to 225MPa and pore diameter determination over the pore diameter range of 0,9 mm to 5 nm. The porosity and the pore size distribution of each sample were tested twice using two different pieces of the same sample. The pore size distributions of the mortars were calculated from the applied pressure via the Washburn equation
[22] assuming a contact angle of 130º. The pore size distribution of samples was computed using the following diameter intervals: <10nm, 10-100 nm, 100nm-1µm, 1-10µm, 10µm-0.1mm y >0.1mm. The samples were oven dried at a temperature of 65 ± 2 ºC before be tested.
Open porosity
The open porosity of the specimens was determined from portions of the samples manufactured for the microstructure studies. For this measurement, a dry sample was weighed (m dry ) and immersed in water until it reached total saturation. The saturated sample was again weighed (m sat ), and finally the weight of the sample immersed in water (m i ) was obtained using a hydrostatic scale (saturated and submerged). The open porosity was then calculated according to the expression:
open porosity (%) = ((m sat -m dry )/(m sat -m i ))x100.
Heat and Freeze-thaw cycles
The dependence of the mechanical behaviour of the mortars as a function of temperature was determined by subjecting the mortar specimens to heat and freeze-thaw cycles. The tests were conducted according to the procedure in EN 196-1:2005 [13] to evaluate the change in compressive strength. Nine 4x4x16 cm specimens were made for each of the EPS dosages shown in table 2. Specimens were cured underwater at 20± 2ºC for 28 days. After curing, three specimens (for each dosage) were subjected to heat cycles according to the following process: the samples were put into the oven at 60 ± 5 ºC for 18 hours, then removed from the oven and kept at room temperature (20 ± 2ºC) for 6 hours. After 25 of these heat cycles, the specimens were tested under compression. Another three specimens (for each dosage) were subjected to freeze-thaw cycles. In this case an adaptation to the UNE 67028 EX: 1997 standard for clay bricks was made [23] . After curing, the samples were completely immersed in water at 15± 5ºC for 48 hours. Next, freeze-thaw cycles were carried out according to the following process: The samples were removed from the water and drained. Then samples were put into the freezer at -15 ± 5ºC for 18
hours. Finally, they were removed from the freezer and completely immersed in water at 15 ± 5ºC for 6 hours. After 25 cycles, they were tested under compression. The remaining three specimens, which hadn't been subjected to cycles, were tested for compressive strength after 28 days of curing at room temperature (20 ± 2ºC) according to EN 196-1:2005 [13] . Figure 3 shows the capillary absorption coefficient (C 90 ), for mortars made with various types and dosages of EPS without additives, as well as the error bands computed with a 95% probability confidence interval. From this figure, it may be seen that the coefficient C 90 decreases for mortars made with 70%EPSc and 70%EPSw with respect to the values of C 90 for the control mortar (0% EPS and 0% additive). Significant differences with the control mortar were not detected for the rest of mortars. Previous studies of porosity in these mortars show this same trend [12] . Therefore, high dosages of EPS in mortar improve their durability. Figure 4 shows the influence of various types of additives on the capillary absorption coefficient on the 0% EPS mortar and on mortars made with 70% of the varying types of EPS. In mortars without EPS, the capillary absorption coefficient is significantly reduced because of additives. This fact could be due to improvements in both the workability [12] as well as the microstructure of the cement paste. The improvement in the microstructure is confirmed by analysis of the pore size distribution using mercury intrusion porosimetry in mortars with additives but without EPS, as shown in Figure 5 . Generally, the addition of additives decreases the volume of pores that are of less than 100 nm in size, while increasing the volume of pores larger than 100 nm. As a result, the capillary absorption coefficient decreases by adding additives.
Results and discussion

Capillary absorption
Returning to figure 4 , it can seen that additives in mortars made with 70% EPS significantly decrease the value of C90. As a result, durability improves and is comparable to the durability of the 0% EPS mortar with additives. Both the particles of EPS and the air bubbles generated by the Table 3 gives the results for open porosity (section 2.2.4) and total porosity obtained by mercury intrusion porosimetry after a 120 day curing period. The values for porosity obtained by mercury intrusion porosimetry were higher than those obtained through the open porosity method. This is due to the fact that mercury under pressure accesses a greater pore volume than water, which only penetrates the pore network by diffusion. As a result, the use of mercury results in greater connectivity in the pore network. This is clearly seen in the control mortar where the difference between porosities obtained using the two methods is about 14%.
Mercury intrusion porosimetry (MIP)
In the case of mortars made with EPS, the differences in porosity obtained through the two methods are higher than those observed for the control mortar. The presence of additives does not change this trend. These differences are not only attributable to the microstructure of the mortar paste. This fact is supported by the SEM images of these mortars shown in Figure 7 . In these images it is apparent that the EPS particles have a porous structure into which the mercury can penetrate. The internal cellular structure of the EPS may be observed in Figure 7a . In addition, it should also be noted that the increased mercury intrusion pressure can break the EPS particles allowing a penetration of a higher volume of mercury into the sample. In Figure 7b it can be observed that the fine polymer wall that separates the cells may easily be broken by the increase of pressure imposed by mercury intrusion. This behaviour results in an increase of the porosity obtained with this technique over the open porosity technique. For this reason, the technique of mercury intrusion porosimetry is not considered appropriate to study the microstructure of EPS mortars.
3.3.
Impedance spectroscopy. Table 4 shows impedance parameters and open porosity after a 120 day curing period. In order to make the analysis easier, values for the capillary absorption coefficient (C 90 ), discussed previously, are included in this table.
Regarding the parameters obtained in the impedance spectroscopy study, the volume of interconnected pores may be estimated from R 1 parameter. This parameter is related to the electrolyte which fills the pores and is specifically associated with interconnected pores [16] . R1 is also related to changes in the dimensions of the pores [18] . Because the samples are submerged in water for a 120 day curing period, the pores are completely saturated and, as such, variations in the resistance, R1, are associated only with changes in the volume of the interconnected pores.
The resistance, R 1, would be expected to increase with decreasing open porosity or decreasing interconnected pore size in the sample, because in these cases, the amount of electrolyte in the interconnected pores is reduced. In general, mortars with EPS follow this trend, regardless of the type of EPS, except for mortars made with superplasticizer additive. The behaviour of these mortars may be explained by changes in the dimensions of the pores caused by the additive [24] [25] . This hypothesis wasn't proven in this work because Mercury Intrusion Porosimetry is not a suitable technique for determining the pore size distribution in mortars with EPS, as was discussed in the previous section. R 1 may also be related to the capillary absorption coefficient C 90 .
Generally, an increase in R 1 corresponds to a decrease in C 90 . However, this behaviour was not fulfilled by EPS mortars. This fact could be explained as follows: The impedance parameters obtained testing only an EPS sample and testing a control mortar differ greatly, as may be seen in is, with pores that do not contribute to the electrical connection of the sample [18] . In general, the R 2 parameter and the occluded porosity are inversely related. For a given type of EPS, the mortars with the highest occluded porosity should be those made with the air-entraining agent. However, this trend is only fulfilled by mortars made with EPSw.
The parameter C 1 could be used to estimate the solid and porous fraction of the material [16] . In this case, C 1 and the sample porosity would be expected to be inversely related. This trend is only fulfilled by mortars with EPSc. C 2 is related to wet pore surface area. For samples with similar R 1 , the largest C 2 values should be associated with samples with very rough pores with a large pore surface area, which should lead to an increase in the capillary absorption coefficient. This trend is observed in mortars made with EPSw and additives.
The results of this section show that there aren't clear relationships among the impedance parameters and the microstructural characteristics in this study. The differences in the dielectric properties between EPS and cementitious materials cause significant variability in the dielectric properties of the EPS mortar system, which doesn't permit modelling of these mortars as a homogeneous phase. The lack of symmetry of the system, that is, homogeneity in the dielectric properties, according to the effective medium theory [26] , justifies the necessity of proposing alternate equivalent circuits for the interpretation of the impedance spectra that discriminate between cementitious and polymer materials. The development of these circuits falls outside of the scope of this study and should be addressed in future study.
The results presented here concerning the microstructure of EPS mortars show that clear relationships do not exist between the studied parameters. In addition is not possible justified the observed trends by Mercury Intrusion Porosimetry. For all of these reasons, the study of impedance spectra by the equivalent circuits, thoroughly used in the literature for Portland cement pastes, mortars and concrete, were found to be inadequate for interpreting the microstructure of EPS mortars. Figure 6 shows the compressive strength of mortars made with various dosages of EPSw before cycles (Sc), after heat cycles ((Sc) heat ) and after freeze-thaw cycles ((Sc) cold ). The behaviour of mortars made with commercial EPS (EPSc and EPSpex) is very similar. The temperature used for heat cycles is 60 ± 5 ºC and was chosen due to the polymeric nature of the EPS. Figure 6 shows that EPS has a negative effect on the compressive strength of mortars. This fact is showed by Sc decreasing as the dosage of EPS increases. However, EPS has a positive influence on the compressive strength in mortars after heat cycles. Since the chosen temperature of 60 ºC increased the compressive strength of the control mortar slightly, is able analyzed the combined influence of EPS and heat cycles in compressive strength. The increase observed in compressive strength of mortars containing EPS, and therefore in their durability, can therefore be explained by two possible causes. On one hand, the microstructure of the hydrated cement paste may improve because the higher temperature allows a more extended hydration reaction. On the other hand, the hydrated cement paste-EPS interface may improve, allowing more adherence between these phases. The second assertion can be confirmed by the SEM image in Figure 7 , which shows a sample made with 70% EPSw after heat cycles. In this image, an adequate adherence between EPS and cement paste (Figure 7c ) is evident.
Heat and freeze-thaw cycles.
The behaviour of EPS mortars after freeze-thaw cycles is also shown in Figure 6 . By comparing the values of (Sc) cold (for mortars containing EPS) and Sc for a control mortar(0%EPS), it can be seen that after freeze-thaw cycles in mortars made with EPS, the higher the dosage of EPS, a higher loss in compressive strength is obtained being above 50% at the highest EPS dosages.
This behaviour may be attributed to the poor workability of these mortars, making them more heterogeneous and dispersed, facilitating the formation of micro cracks by the expansive effect of ice. The effect of freeze-thaw cycles on these mortars can be seen by comparing the values (Sc) cold and Sc, for a given mortar. The effect of the freeze-thaw cycles on the control mortar produces a loss of around 25% in compressive strength. However, the loss of compressive strength in 10 and 30%EPSw mortars it is only 7% and 11% respectively. Mortars with 50%EPSw
even show a small gain (5%). In these cases, EPS in mortars maintains or improves their durability to freeze-thaw cycles. The presence of EPS in mortars has a positive influence because EPS absorbs part of the ice crystallization pressure. As a result, the effect of freeze-thaw cycles in mortars with EPS is lower than in control mortar and the deterioration decreases. This again highlights the positive effect of EPS on the durability of mortars. The exception is for mortars containing 70% EPSw, where the compressive strength loss is greater than in the control mortar, at 31%. This is again due to the low workability and high heterogeneity of these mortars that reinforces the need to use additives, especially in mortars with high dosage of EPS. 
CONCLUSIONS
The following are the conclusions of this study.
1. The capillary absorption coefficient of EPS mortars makes it possible to conclude that the presence of EPS in mortars improves their durability. The use of additives allows the fabrication of mortars with high EPS dosages and better durability when compared to a control mortar.
2. Mercury intrusion porosimetry is not a suitable technique for studying the microstructure of mortars made with EPS due to the inner porous structure of the EPS particles.
3. There were no clear relationships between impedance spectroscopy parameters, the open porosity, and the capillary absorption coefficient. Moreover, it was not posible to justify the observed trends using mercury intrusion porosimetry. For these reasons, it can be concluded that the presence of EPS in mortars, due to the polymeric nature and inner porous structure of the EPS, does not allow a suitable microstructure study using the equivalent circuits established in the literature for cementious materials. Future studies must be proposed to address this issue.
4. EPS has a positive effect on the compressive strength of mortars subjected to heat cycles.
Improvements in the microstructure of cement pastes as well as in the cement paste-EPS interface may be the basis for the observed increase in compressive strength. The mortars with a highest dosage of EPS and superplasticizer additive are the most durable. Table2. EPS and additive dosages used in the studied mortars. 
Type of EPS EPS
